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We present a theoretical study of the rotational dynamics of asymmetry top molecules in an elec-
tric field and a parallel non-resonant linearly polarized laser pulse. The time-dependent Schro¨dinger
equation is solved within the rigid rotor approximation. Using the benzonitrile molecule as proto-
type, we investigate the field-dressed dynamics for experimentally accessible field configurations and
compare these results to the adiabatic predictions. We show that for an asymmetric top molecule in
parallel fields, the formation of the pendular doublets and the avoided crossings between neighboring
levels are the two main sources of non-adiabatic effects. We also provide the field parameters under
which the adiabatic dynamics would be achieved.
I. INTRODUCTION
The availability of oriented molecules provides a wealth
of intriguing applications in a variety of molecular sci-
ences, such as in chemical reaction dynamics [1–5], pho-
toelectron angular distributions [6–8], or high-order har-
monic generation [9–11]. An oriented molecule is char-
acterized by the confinement of the molecular fixed axes
along the laboratory fixed axes and by its dipole mo-
ment pointing in a particular direction. Many experi-
mental efforts have been undertaken to control the rota-
tional degree of freedom, and in particular to orient polar
molecules [1, 12–22].
Here, we focus on a theoretical study of the mixed-
field orientation technique, which is based on the com-
bination of weak dc and strong non-resonant radiative
fields [19, 20]. Strongly oriented/antioriented states
could be created by coupling the nearly degenerate pair
of states with opposite parity forming a pendular doublet
by means of a weak dc field. This theoretical prediction
is based on an adiabatic picture in which the turn-on
time of the laser pulse is larger than the molecular ro-
tational period [23]. For asymmetric top molecules, a
theoretical study based on a time-independent model of
their mixed-field orientation pointed out that a fully adi-
abatic description of this process does not reproduce the
experimental results [24]. We have recently found that a
time-dependent description of the mixed-field orientation
of linear molecules is required to explain the experimental
observations [25, 26]. Two main sources of non-adiabatic
effects were identified for linear molecules: i) the coupling
of the levels forming quasidegenerate pendular doublets
as the laser intensity is increased gives rise to a transfer of
population between them; ii) the strongly coupled states
from the same J manifold for tilted fields are driven apart
as the laser intensity is increased in the weak-field regime,
provoking a population redistribution among them. In
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addition, for highly excited states, avoided crossing in the
field-dressed spectrum could affect the rotational dynam-
ics. A similar time-dependent study for polar asymmet-
ric top molecules is desirable for a correct interpretation
of the numerous mixed-field experiments with these sys-
tems [21, 27]. Compared to linear molecules, asymmetric
tops possess a more dense level structure and, when the
fields are turned on these levels could be strongly coupled.
Thus, a more complex rotational dynamics should be ex-
pected for asymmetric tops in combined dc and ac fields.
Let us also mention that several theoretical and exper-
imental studies have investigated the relevance of non-
adiabatic phenomena on the manipulation of molecules
with external fields [28–34].
In this work, we perform a theoretical investigation of
the rotational dynamics of an asymmetric top in paral-
lel electric and non-resonant radiative fields within the
rigid rotor description. The time-dependent Schro¨dinger
equation is solved using experimental field configurations,
i. e., first a weak electric field that is switched on at
a constant speed and then a parallel linearly polarized
Gaussian laser pulse is turned on. For several rotational
states, we show that under ns-pulses the dynamics is not
adiabatic and it is characterized by the formation of the
pendular doublets and the numerous avoided crossings of
the field-dressed spectrum. We have proven that due the
different time scales associated to each phenomenon, it
might become experimentally harder to reach the adia-
batic limit. Increasing the electric field strength helps for
the lowest-lying state in a certain irreducible representa-
tion; whereas for an excited one a proper combination of
dc field with the temporal width of the pulse is needed
to optimize the mixed-field orientation process.
The paper is organized as follows: In Sec. II we de-
scribe the Hamiltonian of the system, its symmetries and
the numerical method used to solve the time-independent
Schro¨dinger equation. The main properties of our pro-
totype molecule benzonitrile are provided in Sec. III. In
Sec. IV we investigate the mixed-field dynamics of the
ground state of several irreducible representations, anal-
ogously for several excited states in Sec. V. We explore
the final orientation of these states as the field parame-
2ters are varied, identify the sources of non-adiabatic ef-
fects and seek for the adiabatic regime. The conclusions
are given in Sec. VI.
II. THE HAMILTONIAN OF AN ASYMMETRIC
TOP MOLECULE IN PARALLEL FIELDS
We consider a polar asymmetric top molecule in par-
allel homogeneous static electric field and non-resonant
linearly polarized laser pulse. The polarization of the
laser lies along the Z-axis of the laboratory fixed frame
(LFF) (X,Y, Z) and the electric field is also parallel to
this Z-axis. We only consider molecules with diagonal
polarizability tensors, and the dipole moment parallel to
the z-axis of the molecular fixed frame (MFF) (x, y, z),
and the smallest moment of inertia is parallel to the x-
axis. The LFF and MFF are related by the Euler angles
(θ, φ, χ) [35]. Within the rigid rotor approximation, the
Hamiltonian reads
H(t) = HR +Hs(t) +HL(t), (1)
where HR stands for the field-free Hamiltonian
HR = BxJ
2
x +ByJ
2
y +BzJ
2
z (2)
with Jk being the projection of the total angular mo-
mentum operator J along the k-axis of the MFF with
k = x, y and z. The rotational constant along the MFF
k-axis is Bk =
~
2
2Ikk
with Ikk the moment of inertia with
respect to this axis k. We are using the left-handed con-
vention I l [36], and the rotational constant of the con-
sidered molecule satisfy Bz > By > Bx.
The interaction of the electric field Es(t) = Es(t)Zˆ
with the permanent dipole moment, µ = µzˆ, reads
Hs(t) = −µ ·Es(t) = −µEs(t) cos θ, (3)
where Es(t) initially depends linearly on time, and once
the maximum strength Es is reached, it is kept constant.
The turning on speed is chosen so that this process is
adiabatic. Here, we work in the weak or moderate dc-
field regime. Thus, we can neglect the coupling of this
field with the molecular polarizability and higher order
terms.
The interaction of the non-resonant laser field and the
molecule can be written as [23]
HL(t) = −
I(t)
2ǫ0c
(
αzx cos2 θ + αyx sin2 θ sin2 χ
)
, (4)
where αkm = αkk − αmm are the polarizability
anisotropies, being αkk the polarizability along the
molecular axis k = x, y and z. ǫ0 is the dielectric con-
stant and c the speed of light. The intensity of the non-
resonant laser pulse is I(t). We analyze Gaussian pulses
Parity
CZ(δ) σZ K Functions
e e e, K = 0 |J00〉
e e e, K 6= 0 1√
2
(
|JK0〉 + (−1)K |J −K0〉
)
e o e
1√
2
(
|JK0〉 + (−1)K+1|J −K0〉
)
o e o
1√
2
(
|JK0〉 + (−1)K |J −K0〉
)
o o o
1√
2
(
|JK0〉 + (−1)K+1|J −K0〉
)
Table I. For the states with M = 0 in parallel fields, functions used
in the basis set expansion of their wave function.
with intensity I(t) = I0 exp
(
− t
2
2σ2
)
, I0 is the peak in-
tensity, which is reached at t = 0, and σ is related to full
width half maximum (FWHM) as τ = 2
√
2 ln 2σ.
Based on current mixed-field orientation experiments,
we assume a field-free molecule and turn on the elec-
tric field first. Once the maximum dc field strength is
reached, the Gaussian pulse is switched on. Since the
turning on of the dc field is adiabatic, here we investi-
gate the non-adiabatic effects appearing in this second
stage.
In this parallel field configuration, the symmetries of
the rigid rotor Hamiltonian (1) are the identity, E, the
two fold rotation around the MFF z-axis, arbitrary ro-
tations around the LFF Z CZ(δ), and the reflection on
any plane containing the fields σZ . Then, the projection
of J on the Z-axis M and the parity of its projection
on the z-axis, i. e., the parity of K, are good quantum
numbers. For M 6= 0, there are four irreducible repre-
sentations and the symmetry of reflection on any plane
containing the fields implies the well known degeneracy
in |M |. For M = 0, the wave function can have even
and odd parity under these reflections, giving rise to two
irreducible representations for each parity of K.
To solve the time-dependent Schro¨dinger equation of
the Hamiltonian (1), we employ the short iterative Lanc-
zos algorithm for the time propagation [37], and a basis
set representation for the angular coordinates. The time
step used in short iterative Lanczos algorithm varies from
δt = 3.5 fs to δt = 150 fs for τ = 0.5 ns and τ = 20 ns,
respectively. In our calculations, the number of vectors
in the Krylov space is adapted during the time propaga-
tion to keep the error bellow 10−9. For each irreducible
representation, we construct a basis using linear com-
binations of the field-free symmetric top eigenfunctions
|JKM〉 [35] that respect the symmetries [38]. For the
states with M = 0, we provide in Table I the basis func-
tions used for each irreducible representation. For the
states with M 6= 0, the basis is formed by the functions
|JKM〉 with the same parity of K.
For reasons of addressability, we label the field-dressed
wave function using the field-free notation |JKa,KcM〉t
where Ka and Kc are the values of K on the limiting
3symmetric top rotor prolate and oblate cases [36], respec-
tively. Let us remark that we are using the left-handed
convention I l with a = z, b = y and c = x. We have made
explicit the dependence on time t of the wave function,
but not on the field parameters I0, τ and Es.
To have a better physical insight on the non-adiabatic
effects of the field-dressed dynamics, the time-dependent
wave function |JKa,KcM〉t is expanded in the basis
formed by the adiabatic basis at time t
|JKa,KcM〉t =
N∑
j=0
Cγj (t)|γj〉p (5)
with Cγj (t) = p〈γj |JKa,KcM〉t, and |γj〉p denotes the
adiabatic states of Hamiltonian (1) taking the elec-
tric field strength and the laser intensities constant.
Note that for each time step t, the time-independent
Schro¨dinger equation is solved and an adiabatic basis is
constructed. This pendular basis can be used to char-
acterize as adiabatic or diabatic the time evolution of a
wave function. Thus, the rotational dynamics could be
considered as fully adiabatic if the criterion
η =
~
∣∣∣∣∣
〈
γi
∣∣∣∣∂HL(t)∂t
∣∣∣∣ γj
〉
p p
∣∣∣∣∣
|Ei − Ej |2
≪ 1
is satisfied [39].
III. THE SYSTEM
In this work, we use the benzonitrile molecule (BN)
as prototype to illustrate our results. Its rotational
constants are Bx = 1214 MHz, By = 1547 MHz and
Bz = 5655 MHz, the permanent dipole moment µ =
4.515 D and the polarizabilities are αxx = 7.49 A˚
3,
αyy = 13.01 A˚
3 and αzz = 18.64 A˚
3 [40, 41] For the
sake of simplicity, we restrict this study to several rota-
tional states of even parity with respect to the reflections
on XZ-plane and under a π-rotation around the MFF
z-axis. We stress that the observed physical phenomena
also appear for levels within other irreducible represen-
tations.
We consider experimentally accessible field configu-
rations: a linearly polarized Gaussian pulse with the
FWHM in the nanosecond range and peak intensities
1011W/cm2 ≤ I0 ≤ 1012W/cm2; and a weak dc field
similar to the one present in a velocity-mapping image
spectrometer of few hundreds V/cm. Here, we assume
that the dc field is switched on slowly enough to ensure
an adiabatic dynamics in this first stage. In the experi-
ment, this assumption strongly depends on the velocity
of the molecules when they reach the velocity-mapping
image spectrometer. If this tuning-on process is not adi-
abatic, before the pulse is switched on the wave function
would be a superposition of several eigenstates of the
Hamiltonian (1) with I0 = 0W/cm
2 and the maximum
dc field strength Es. As a consequence, the field-dressed
dynamics could be more complex since these states could
belong to different pendular doublets at strong laser in-
tensities.
In a mixed-field orientation experiment, the measure-
ments are done once the laser pulse has reached the peak
intensity, i. e., at t = 0 in our theoretical model. We first
analyze the rotational dynamics as the laser intensity I(t)
is increased. This allows us to understand the different
physical phenomena giving rise to a non-adiabatic dy-
namics. We also investigate the orientation at the peak
intensity, i. e., at t = 0.
IV. FIELD-DRESSED DYNAMICS OF THE
GROUND STATE OF SEVERAL IRREDUCIBLE
REPRESENTATIONS
We start analyzing the mixed-field orientation of the
ground states of the irreducible representations with
M = 0 and 3, i. e., the levels |00,00〉 and |30,33〉. We have
chosen these states because in mixed-field orientation ex-
periment of BN they have a significant population in the
quantum-state selected beam [21, 27], and the knowledge
of their field-dressed dynamics is important for these ex-
periments.
A. Dynamics of the state |00,00〉t
In Fig. 1(a) and Fig. 1(b) we present the orientation
〈cos θ〉 of the ground state |00,00〉t as a function of
the laser intensity I(t) for Es = 300V/cm and Es =
600V/cm, respectively. The Gaussian pulses have I0 =
7× 1011W/cm2 and several FWHM. For comparison,
the orientation of the adiabatic state |00,00〉p is also pre-
sented. For all these field-configurations, the orientation
shows a qualitatively similar behavior: 〈cos θ〉 monotoni-
cally increases as I(t) is increased, once the pendular limit
is reached, the slope of 〈cos θ〉 versus I(t) is reduced, and
〈cos θ〉 increases smoothly with a value smaller than the
adiabatic limit. This reduction on the final orientation
is due to the non-adiabatic effects. Analogously to the
ground state of a linear molecule in combined electric
and non-resonant laser fields, the loss of adiabaticity in
the field-dressed dynamics of |00,00〉t is due to the forma-
tion of the quasidegenerate pendular doublets [26]. Thus,
increasing the FWHM of the pulse will increase the orien-
tation [25, 26, 42, 43]. In Fig. 2, we present how the pen-
dular doublet between the adiabatic states |00,00〉p and
|10,10〉p is formed. To illustrate this loss of adiabatic-
ity of |00,00〉t we show the population of the adiabatic
ground state |00,00〉p, |C00,00(t)|2, in Fig. 3. Note that
for the ground state, |C00,00(t)|2 + |C10,10(t)|2 = 1. For
Es = 300V/cm, the rotational dynamics is adiabatic if
the pulse has τ ≥ 4 ns, whereas for smaller values of τ the
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FIG. 1. (Color online) For the absolute ground state |00,00〉t,
we present the expectation value 〈cos θ〉 versus the laser in-
tensity I(t) for (a) Es = 300V/cm and (b) Es = 600V/cm.
The peak intensity is I0 = 7× 10
11 W/cm2 and the FWHM
are τ = 3 ns (red solid), τ = 2 ns (blue long dashed), τ = 1 ns
(orange dotted) and τ = 0.5 ns (green dashed-dotted).
population transfer when the pendular doublet is formed
could be very large. Using a 1 ns pulse, the population of
the adiabatic ground state is |C00,00(t)|2 = 0.835 at t = 0,
and due to the contribution of the anti-oriented state
|10,10〉p, the orientation at t = 0 of |00,00〉0 is reduced
to 〈cos θ〉 = 0.661. By increasing the dc field strength
to Es = 600V/cm, the energy splitting of the pendular
doublets is increased, and a Gaussian pulse of τ = 2 ns al-
ready gives rise to an adiabatic dynamics for |00,00〉t. For
a short pulse of 500 ps, the ground state is still strongly
oriented with 〈cos θ〉 = 0.747 and the contribution of the
adiabatic ground state at t = 0 is |C00,00(0)|2 = 0.878.
For both dc fields and 500 ps, 〈cos θ〉 shows an oscillatory
behavior as I(t) is increased, which is due to the coupling
between the two adiabatic states involved in the dynam-
ics, i. e., the mixing term p 〈0000 |cos θ| 1010〉p.
The lowest-lying state in the irreducible representa-
tions with M = 1, |10,11〉t, is relatively well separated
of neighboring levels with the same symmetry. Thus, its
field-dressed dynamics shows analogous features as those
discussed above for the |00,00〉t, and the formation of the
pendular pair is the only effect provoking the loss of adi-
abaticity. Indeed, for Es = 300V/cm, a Gaussian pulse
with I0 = 7× 1011W/cm2 and τ = 5 ns gives rise to an
adiabatic dynamics for this state.
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FIG. 2. (Color online) We present the formation of the pen-
dular doublet between the states |00,00〉p and |10,10〉 in the
adiabatic spectrum for dc field strengths (a) Es = 300V/cm
and (b) Es = 600V/cm.
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FIG. 3. (Color online) For the state |00,00〉t, we present the
squares of the projection of the time-dependent wave function
onto the adiabatic ground state |00,00〉p versus the laser inten-
sity I(t) for dc field strengths (a) Es = 300V/cm and (b) Es =
600V/cm. The Gaussian pulse has I0 = 7× 10
11 W/cm2 and
τ = 3 ns (solid red), τ = 2 ns (blue long dashed), τ = 1 ns
(orange dotted) and τ = 0.5 ns (green dashed-dotted).
B. Dynamics of the state |30,33〉t
For higher values of M , the avoided crossings leave
their fingerprints in the field-dressed dynamics of the cor-
responding ground state. As an example, we show in
Fig. 4 the orientation cosine of |30,33〉t for Es = 300V/cm
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FIG. 4. (Color online) For the state |30,33〉t, we present the
orientation cosine 〈cos θ〉 as a function of I(t) for (a) Es =
300V/cm and (b) 600V/cm. A detail of the oscillations of
〈cos θ〉 for 600V/cm is shown in panel (c). The peak intensity
of the pulses is I0 = 7× 10
11 W/cm2, and the FWHM are
τ = 10 ns (red solid line), τ = 5 ns (dark blue long dashed
line), τ = 2 ns (orange dotted line), τ = 1 ns (dark olive green
dot-dashed line), τ = 0.5 ns (light blue double-dot-dashed
line). The adiabatic results are also shown (black solid line).
and Es = 600V/cm, the adiabatic value of 〈cos θ〉 is also
included. Comparing these results to those of the ab-
solute ground state |00,00〉t in Fig. 1, two main differ-
ences are encountered. First, 〈cos θ〉 initially increases
as I(t) is increased, and once the pendular doublet is
formed 〈cos θ〉 oscillates around a mean value. Second,
even the 10 ns Gaussian pulses do not to ensure an adia-
batic dynamics for both dc field strengths. For instance,
at t = 0 we obtain 〈cos θ〉 = 0.921 for Es = 600V/cm and
τ = 10 ns, whereas the adiabatic value is 〈cos θ〉 = 0.970.
As the FWHM is increased, the amplitude of the oscilla-
tions of 〈cos θ〉 is reduced.
The oscillations in the evolution of 〈cos θ〉 can be ex-
plained due to the coupling between the adiabatic states
contributing to the dynamics. The presence of avoided
crossings in the spectrum provokes that adiabatic states
from different pendular doublets are populated during
the rotational dynamics of |30,33〉t. In Fig. 5(a) and
Fig. 5(b), we plot the population of the pendular adia-
batic states for Es = 300V/cm, I0 = 7× 1011W/cm2
and τ = 2 ns and 5 ns, respectively. We start an-
alyzing in detail the results for τ = 2 ns. To ratio-
nalize the population redistribution taking place around
I(t) ≈ 2× 1010W/cm2, see Fig. 5(a), we present a de-
tail of the adiabatic level structure in Fig. 6(a). As the
pendular doublet between the adiabatic levels |30,33〉p
and |40,43〉p is formed, |40,43〉p suffers an avoided cross-
ing with |32,23〉p. For the states |30,33〉p and |40,43〉p
in the pendular doublet, the maximum value of adia-
batic parameter is η ≈ 1.3. The maximum of η for the
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FIG. 5. (Color online) For the state |30,33〉t, we present the
squares of the projections of the time dependent wave function
onto the adiabatic states versus the laser intensity I(t). The
Gaussian pulse has I0 = 7× 10
11 W/cm2 and (a) τ = 5 ns
and (b) τ = 2 ns, and the dc field strength is Es = 300V/cm.
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FIG. 6. (Color online) (a), (b) and (c) Adiabatic energy struc-
ture when the pendular doublets between the states |30,33〉p
and |40,43〉p is formed for Es = 300V/cm, Es = 600V/cm and
Es = 2kV/cm, respectively. (d) Avoided crossing between the
adiabatic states |32,23〉p, |32,13〉p, |50,53〉p and |42,33〉p.
state |32,23〉p with |30,33〉p and |40,43〉p are η ≈ 0.44
and 0.46 respectively. Thus, the two oriented states
|30,33〉p and |32,23〉p are also coupled, even if their en-
ergy separation is larger. These values of η indicate
that the dynamics in this region is not adiabatic. In-
deed, the population of these two states |40,43〉p and
|32,23〉p simultaneously increases as the one of |30,33〉p
decreases. Once the pendular pair between |30,33〉p and
6|40,43〉p is formed their populations keep a constant be-
havior as I(t) is increased. We observe the formation
of the second pendular doublet in this irreducible rep-
resentation for I(t) ≈ 3× 1010W/cm2: the population
of the adiabatic states |32,23〉p and |32,13〉p decreases
and increases, respectively. By further increasing I(t)
the states |32,23〉p and |32,13〉p suffer an avoided cross-
ing with those from the third pendular doublet |50,53〉p
and |42,33〉p, see Fig. 6(d). Through this avoided cross-
ing, there is a strong coupling between the oriented states
|32,23〉p and |50,53〉p with the adiabatic parameter reach-
ing the maximum value η ≈ 1.93, and between the antior-
iented ones |32,13〉p and |42,33〉p with η ≈ 1.92. In both
cases the dynamics is not adiabatic, and we observe in
Fig. 5(a) how their populations are interchanged around
I(t) ≈ 2× 1011W/cm2. The oscillations in 〈cos θ〉 are
due to the coupling between all these adiabatic states
that are populated. As the laser intensity is increased,
these levels achieve the pendular regime and these crossed
matrix elements between states in the same pendular
pair, i. e., p 〈3033 |cos θ| 4043〉p, p 〈3223 |cos θ| 3213〉p and
p 〈5053 |cos θ| 4233〉p, approach zero. As t increases, the
frequency of the oscillation varies because different pen-
dular adiabatic states dominate the field-dressed dynam-
ics, see Fig. 4(c). At t = 0, the field-dressed wave func-
tion of the state |30,33〉0 has significant contributions
from 6 different adiabatic states, which gives rise to a
weak orientation 〈cos θ〉 = 0.327. For τ = 5 ns, the dy-
namics is more adiabatic. Thus, when the pendular dou-
blets are formed the interchange of population is smaller
than for a τ = 2 ns pulse, see Fig. 5(b). The avoided
crossing are not crossed adiabatically. Indeed, the pop-
ulation of the states |32,13〉p and |42,33〉p is smaller than
0.001, and the field-dressed dynamics of |30,33〉t is dom-
inated by the adiabatic states |30,33〉p, |40,43〉p, |32,23〉p
and |50,53〉p. This explain that the oscillations of 〈cos θ〉
are reduced, and that at t = 0 this state shows a signifi-
cant orientation with 〈cos θ〉 = 0.547.
For other ground states, such as |20,22〉t and |40,44〉t,
we have encountered similar phenomena, and their rota-
tional dynamics is strongly dominated by avoided cross-
ings.
C. Influence of FWHM of the Gaussian pulse
We consider now the ground states of the irreducible
representations with M ≤ 4, that is the states |00,00〉t,
|10,11〉t, |20,22〉t, |30,33〉t and |40,44〉t. In this section we
investigate the impact of the temporal width of the Gaus-
sian pulse on their rotational dynamics. Their orienta-
tion at the peak intensity, i. e., at t = 0, are plotted
versus τ in Fig. 7(a) and Fig. 7(b) for Es = 300V/cm
and Es = 600V/cm, respectively. The peak intensity is
fixed to I0 = 7× 1011W/cm2.
In contrast to the mixed-field orientation of a lin-
ear molecules [26], a smaller field-free rotational energy
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FIG. 7. (Color online) For the ground states of several irre-
ducible representations, we plot the expectation value 〈cos θ〉
at t = 0 as a function of the FWHM of the Gaussian pulse
for (a) Es = 300V/cm and (b) Es = 600V/cm. The peak
intensity is fixed to I0 = 7× 10
11 W/cm2.
does not imply a larger orientation. For instance, using
Es = 300V/cm, the state |40,44〉0 shows a larger orien-
tation than |20,22〉0 and |30,33〉0 for τ & 2 ns and 3.5 ns,
respectively. For τ & 6 ns, the state |20,22〉0 is the least
oriented. As indicated above, the non-adiabatic features
of the field-dressed dynamics are due to the formation of
the pendular doublets and to the avoided crossings. By
increasing τ , we can ensure that less population is trans-
ferred from the oriented state to the antioriented one or
vice-versa as the pendular doublet is formed. However,
the characteristic time scale of the avoided crossings is
different, and significantly larger FWHM are needed to
pass them adiabatically. Each irreducible representation
is characterized by a certain field-dressed level structure,
and, therefore, by an amount of avoided crossings which
contribute to the complexity of the rotational dynam-
ics. The absence of avoided crossings close to the ground
states gives rise to a monotonic increase of 〈cos θ〉 ap-
proaching the adiabatic limit as τ is increased, this be-
havior is observed in the levels |00,00〉t and |10,11〉t. In
contrast, the influence of an avoided crossing in the dy-
namics implies that significantly longer pulses are needed
to reach the adiabatic limit, e. g., the levels |20,22〉t and
|30,33〉t. In particular, for τ & 2 ns, the orientation 〈cos θ〉
of |20,22〉t shows a smooth oscillatory behavior as a func-
tion of τ .
D. Influence of electric-field strength
In this section, we consider the same set of ground
states and analyze their orientation at t = 0 as a function
of the dc field strength, see Fig. 8. For a given laser pulse,
the largest is the energy gap between the two levels in a
70.3
0.4
0.6
0.8
1
〈co
s
θ
〉
(a) τ = 5 ns
(b) τ = 10 ns
0.3
0.4
0.6
0.8
1
0.1 0.5 1 1.5 2
〈co
s
θ
〉
Es (kV/cm)
|0000〉0
|1011〉0
|2022〉0
|3033〉0
|4044〉0
FIG. 8. (Color online) For the ground states of several ir-
reducible representations, we present their expectation value
〈cos θ〉 once the peak intensity is reached at t = 0 as a function
of the dc field strength Es for (a) τ = 5 ns and (b) τ = 10 ns.
The peak intensity is fixed to I0 = 7× 10
11 W/cm2.
pendular pair, the less efficient is the population trans-
fer when the doublet is formed [26]. This statement also
holds for asymmetric top molecules. However, the impact
of the electric field on the avoided crossings will influence
the rotational dynamics. For both pulses, we encounter
that the states |20,22〉0 and |30,33〉0 present a smaller ori-
entation than |40,44〉0. The level |30,33〉0 is more (less)
oriented than |20,22〉0 for the τ = 10 ns (τ = 5 ns) pulses.
Our calculations show that for these ground states, the
adiabatic pendular limit could be reached using a strong
electric field and a 10 ns pulse, see Fig. 8 (b).
V. FIELD-DRESSED DYNAMICS OF EXCITED
STATES
In this section we analyze the mixed-field dynamics
of two excited rotational states from different irreducible
representations. The field-dressed spectrum is character-
ized by a high density of adiabatic states and a large
number of avoided crossings between neighboring levels.
As a consequence, the rotational dynamics is more com-
plex, and it is harder to achieve the diabatic limit.
A. Dynamics of the state |40,43〉t
As a first example, we investigate the dynamics of the
rotational state |40,43〉t which forms the pendular pair
with |30,33〉t. In Fig. 9(a) and Fig. 9(b) the orientation
of |40,43〉t is plotted versus I(t) for (a) Es = 300V/cm
and (b) Es = 600V/cm, respectively. In contrast to the
case of a linear molecule in parallel dc and ac fields, this
-1
-0.75
-0.5
-0.25
0
0.25
0.5
0.75
-1 -0.5 0
〈co
s
θ
〉
t/τ
(a) Es = 300 V/cm
(b) Es = 600 V/cm (c) Es = 600 V/cm
-1
-0.75
-0.5
-0.25
0
0.25
0.5
0.75
8×109 1011 7×1011
〈co
s
θ
〉
I(t)
(
W/cm2
) 3 3.5 4 4.5 5
-0.23
-0.21
-0.19
-0.17
-0.15
-0.13
-0.11
I(t)
(
1011 W/cm2
)
τ = 10ns
τ = 5ns
τ = 2ns
τ = 1ns
τ = 0.5ns
Adiab.
FIG. 9. (Color online) For the state |40,43〉t, we present 〈cos θ〉
versus I(t) for (a) Es = 300V/cm and (b) 600V/cm. A detail
of the oscillations of 〈cos θ〉 for 600V/cm is shown in panel
(c). The peak intensity of the pulses is I0 = 7× 10
11 W/cm2,
and the FWHM are τ = 10 ns (red solid line), 5 ns (dark blue
long dashed line), 2 ns (orange dotted line), 1 ns (dark olive
green dot-dashed line), 0.5 ns (light blue double-dot-dashed
line). The adiabatic results is also plotted (black solid line).
state does not show the same orientation but in oppo-
site direction as its partner in the pendular doublet the
level |30,33〉t, except if the dynamics is adiabatic or very
close to it. This can be explained in terms of the avoided
crossings, which affect in different ways the rotational dy-
namics of |30,33〉t and |40,44〉t. We present in Fig. 10(a)
and Fig. 10(b) the contributions of adiabatic states to
the rotational dynamics of |40,43〉t for a 5 ns pulse with
Es = 300V/cm and 600V/cm, respectively. For both
dc field strengths, we observe that the population re-
distribution starts first to the adiabatic states |32,23〉p
and |32,13〉p. Due to the rotational constants of BN, the
states |32,23〉p and |32,13〉p are quasi-degenerate in energy
in the absence of the fields, and as I(t) varies they posses
a very close energy, see Fig. 6(a) and Fig. 6(b). As a
consequence, population is initially transferred to both
levels, but more to |32,23〉p which lies closer to |40,43〉p.
For a stronger laser intensity, the pendular pair |30,33〉p
and |40,43〉p starts to form and |C3033(t)|2 increases. The
main difference between both dc field strengths is that
for Es = 300V/cm, |30,33〉p acquires the largest popu-
lation; whereas for Es = 600V/cm is |32,23〉p. Indeed,
at the largest dc field the avoided crossing is passed
less adiabatically, and more population is transferred to
the |32,23〉p, because the coupling between the states is
larger. Whereas for Es = 600V/cm, the pendular pair
among |30,33〉p and |40,43〉p is formed more adiabatically
because the energy splitting in the doublets is larger, and
|30,33〉p is less populated than for Es = 300V/cm. In
these plots, we also observe how the second pendular
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FIG. 10. (Color online) For the state |40,43〉t, we present the
squares of the projections of the time dependent wave function
onto several adiabatic states versus the laser intensity I(t) for
dc field strengths (a) Es = 300V/cm and (b) Es = 600V/cm.
The Gaussian pulse has I0 = 7× 10
11 W/cm2 and τ = 5 ns.
The notation and label of the adiabatic states is the same as
in Fig. 5.
doublet between |32,23〉p and |32,13〉p is formed around
I(t) ≈ 2.3× 1010W/cm2. For stronger laser intensities,
the next pendular pair |50,53〉p and |42,33〉p is also popu-
lated due to the avoided crossing that these levels suffer
with those forming the second doublet, see Fig. 6(d). The
couplings between these six pendular states provoke the
oscillatory behavior of 〈cos θ〉. Let us mention that the
first avoided crossing is not crossed adiabatically using
a 10 ns pulse, but the population of the state |32,23〉p is
smaller than 0.03 at t = 0 for both field strengths. Only
these 10 ns pulses give rise to a significant antiorientation
with values close to the adiabatic predictions.
We investigate now the rotational dynamics of this
state as the dc field is increased. For four Gaussian
pulses with I0 = 7× 1011W/cm2, the orientation of
|40,43〉0 at t = 0 is plotted versus Es in Fig. 11. For
this state, the adiabatic prediction is 〈cos θ〉 = −0.970,
which is independent of Es. Our time-dependent calcu-
lations show that the orientation oscillates as Es in in-
creased. This behavior can be explained in terms of the
avoided crossings, and their evolution as Es varies. At
Es = 300V/cm, the pendular states |40,43〉p and |32,23〉p
suffer an avoided crossing for I(t) ≈ 1.53× 1010W/cm2,
before the pendular doublet |30,33〉p, |40,43〉p is formed,
see Fig. 6(a). By increasing Es, this avoided crossing is
split into two, e. g., for Es = 2kV/cm, the first and sec-
ond one appear at I(t) ≈ 7.8× 109W/cm2 and I(t) ≈
2.1× 1010W/cm2, respectively, and the minimal energy
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FIG. 11. (Color online) For the state |40,43〉0, we show the
orientation at t = 0 versus the electric field strength Es, for a
laser pulse with I0 = 7× 10
11 W/cm2 and several FWHM.
between the two states in the pendular doublet is reached
at I(t) ≈ 2.47× 1010W/cm2, see Fig. 6(c). The rota-
tional dynamics through these avoided crossings as I(t) is
varied strongly depends on the FWHM of the laser pulse.
For instance, using a 10 ns pulse and Es = 2kV/cm,
these two avoided crossings are passed non-adiabatically
and the pendular level |32,23〉p is populated, and the
formation of the two pendular doublets |30,33〉p,|40,43〉p
and |32,23〉p,|32,13〉p is also non-adiabatic. Furthermore,
the next avoided crossing between the pendular states
|32,13〉p and |50,53〉p, see Fig. 6(d), is also crossed non-
adiabatically. Hence, the final orientation of |40,43〉0
strongly depends on the rotational dynamics through
these avoided crossings. Indeed, as Es is increased the
population redistribution through these avoided cross-
ings is increased; whereas less population is transferred
when the pendular doublets are formed as occurs in linear
molecules. For this state, to reach an adiabatic dynam-
ics through the avoided crossings, longer laser pulses are
needed, but the dc field should be chosen properly. For
instance, a 20 ns pulse ensures an adiabatic dynamics of
this state with 300V/cm . Es . 1 kV/cm, whereas for
stronger dc fields, it is still non-adiabatic.
B. Dynamics of the state |30,31〉t
As a second example, we have chosen the state |30,31〉t,
which in the field-free case is the third one with M = 1
and even parity under π rotation around the fields. The
orientation cosine of |30,31〉t is presented in Fig. 12 for
several Gaussian pulses. For Es = 300V/cm, dou-
bling the FWHM from 5 ns to 10 ns does not provoke
an enhancement on the orientation. Analogously, using
Es = 600V/cm, the pulses with τ = 2 ns, 5 ns and 10 ns
give rise a similar orientation at t = 0. The dynam-
ics of |30,31〉t is strongly affected by the adiabatic states
|22,11〉p and |22,01〉p. The adiabatic state |30,31〉p under-
goes an avoided crossing with |22,11〉p, see Fig. 13, just
before they form the second pendular pair in this irre-
ducible representation. The field-free states |22,11〉 and
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FIG. 12. (Color online) For the state |30,31〉t, we plot 〈cos θ〉
versus I(t) for (a) Es = 300V/cm and (b) Es = 600V/cm.
The peak intensity of the pulses is I0 = 7× 10
11 W/cm2, and
the FWHM are τ = 10 ns (red solid line), τ = 5 ns (dark blue
long dashed line), τ = 2 ns (orange dotted line), τ = 1 ns
(dark olive green dot-dashed line), τ = 0.5 ns (light blue
double-dot-dashed line). The adiabatic results are also shown
(black solid line).
|22,01〉 are quasi-degenerate in energy, and in the pres-
ence of the fields, their energies remain very close as I(t)
is varied if the electric field is weak. For Es = 300V/cm,
when the pendular doublet between |30,31〉p and |22,11〉p
is formed, |22,01〉p is energetically very close and the
levels |22,11〉p and |22,01〉p suffer an avoided crossing,
see Fig. 13. The population redistribution is illustrated
in Fig. 14 for the Gaussian pulse with τ = 10 ns and
the two dc field strengths. Due to the avoided cross-
ing between |30,31〉p and |22,11〉p, |C2221(t)|2 achieves a
first maximum as a function of I(t), and afterwards it
reaches a constant value once the pendular doublet is
formed. As I(t) is increased, the second avoided cross-
ing between |22,11〉p and |22,01〉p is encountered, and the
adiabatic level |22,01〉p acquires a similar population as
|22,11〉p, and they get their population almost simulta-
neously for Es = 300V/cm. The dynamics of |30,31〉t is
dominated by the adiabatic states |30,31〉p, |22,11〉p and
|22,01〉p. Since the last two states have similar population
and they are oriented in opposite directions, the final ori-
entation at t = 0 of |30,31〉0 is significantly smaller than
the adiabatic prediction. The oscillations of 〈cos θ〉 are
due to the couplings between these three pendular states.
Finally, we investigate the rotational dynamics of this
state |30,31〉t as the dc field strength is increased for sev-
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FIG. 13. We show the adiabatic level structure when the
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squares of the projections of the time dependent wave function
onto several adiabatic states versus the laser intensity I(t) for
dc field strengths (a) Es = 300V/cm and (b) Es = 600V/cm.
The Gaussian pulse has I0 = 7× 10
11 W/cm2 and τ = 10 ns.
eral FWHM and I0 = 7× 1011W/cm2. The orienta-
tion cosine is presented in Fig. 15. For the four Gaus-
sian pulses, 〈cos θ〉 monotonically increases as Es is en-
hanced. However, even the field parameters τ = 20 ns
and Es = 2kV/cm do not give rise to a fully adia-
batic dynamics; our time-dependent calculations provide
〈cos θ〉 = 0.956, which is smaller than the adiabatic limit
〈cos θ〉 = 0.973. Note that the adiabatic value is in-
dependent of Es. An important feature of this state
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FIG. 15. (Color online) For the state |30,31〉0, we show the
orientation at t = 0 versus the electric field strength Es, for a
laser pulse with I0 = 7× 10
11 W/cm2 and several FWHM.
is that using weak dc fields, the dynamics is not adia-
batic even if the FWHM is increased up to 20 ns. This
lack of adiabaticity is again explained in terms of the
rotational dynamics through the avoided crossings. The
avoided crossing involving the adiabatic states |30,31〉p
and |22,11〉p is crossed diabatically even for τ = 20 ns
and Es ≤ 2 kV/cm. The second avoided crossing among
|22,11〉p and |22,01〉p is again passed non-adiabatically for
these field configurations, and |22,01〉p acquires popula-
tion. By increasing the dc field strength, the population
of the state |22,01〉p at t = 0 is also increased. For suf-
ficiently strong dc field, the dynamics of |30,31〉t is dom-
inated by the adiabatic states |30,31〉p and |22,01〉p, and
the population of |22,11〉p is reduced. Since |30,31〉p and
|22,01〉p are right-way oriented in the pendular regime,
〈cos θ〉 shows a smooth increasing behaviour as a function
of Es. For this state, the adiabatic dynamics is reached
only if long enough Gaussian pulses are used, and in-
creasing the dc field strengths will facilitate to reach this
adiabatic limit.
VI. CONCLUSIONS
In this work, we have investigated the impact of par-
allel dc fields and non-resonant laser pulses on an asym-
metric top molecule. For several rotational levels, we
have explored in detail their rotational dynamics as the
intensity of the laser pulse is increased till its peak value.
Such a study has allowed us to identify the sources of
non-adiabatic effects and the regime when they appear.
In addition, we have analyzed the degree of orientation
as the FWHM of the Gaussian pulse and the electric field
strength are varied.
We have encountered only a few rotational states, such
as |00,00〉t and |10,11〉t, for which the field-dressed dy-
namics is dominated by the formation of the pendular
pairs. For other states, the dynamics is more compli-
cated because the time evolution of their wave function
is strongly affected by the avoided crossings. At the ac
field regime where the pendular doublets are formed, the
presence of additional avoided crossings provokes the in-
teraction between three or even more adiabatic levels. In
such a region, the complexity of these avoided crossings
prevent us from using the Landau-Zener criteria or a two
state model to analyze the rotational dynamics through
them. The avoided crossings give rise to a highly non-
adiabatic dynamics, and the final degree of orientation
could be reduced. We have shown that dc fields with
strengths up to 2 kV/cm do not ensure an adiabatic dy-
namics for low-lying rotational states. Thus, the path
to the adiabaticity necessitates laser pulses with longer
temporal widths. Due to the different time scales as-
sociated to both phenomena, the pendular doublet for-
mation and avoided crossings, the field configuration re-
quired to achieve an adiabatic dynamics simultaneously
for many rotational states becomes harder to produce
experimentally. A laser pulse could be designed with a
small slope of the intensity in the field regime where most
of the avoided crossings appear and pendular doublet are
formed, trying to minimize the population redistribution
at that region. So that, the degree of adiabaticity could
be significantly enhanced.
In this work, we have analyzed the field-dressed dy-
namics of benzonitrile, but the above-observed physical
phenomena are expected to occur in other polar asym-
metric top molecules. Due to the complex structure of
these systems, a similar theoretical study should be per-
formed for each specific molecule. The field regime under
which the adiabatic dynamics would be achieved strongly
depends on the rotational constant, the polarizability
tensor and the permanent dipole moment.
A natural extension to this work would be the inves-
tigation of an asymmetric top molecule in a nonparallel
field configuration, as those used in the mixed-field orien-
tation experiments [21, 27]. For tilted fields, the complex-
ity of the field-dressed level structure is enhanced due to
the presence of avoided crossings between states having
different field-free magnetic quantum numbers. Due to
this new source of non-adiabatic effects, the degree of ori-
entation in non-parallel dc and ac fields could be reduced.
In this work, we have shown that for parallel fields, the
avoided crossing among states with the same symmetry
are passed, in general, diabatically for many field config-
urations. Thus, a time-dependent description will allow
us to revise our prediction that in titled fields the avoided
crossings among states with the same (different) field-free
value of M are crossed adiabatically (diabatically) [24].
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